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Abstract Evolutionay theoristshave long beeninterestedn

the conditionghat pemit the ewolution of dtruisticcooperation.
Recentwork hasdemonstratethat altruisticdonationcanewlve i )
in suprisinglysmplemodelsin whichagentsbasetheirdecisions ~ andGeteborgUniversity

to donatesolelyon the similarityof evoled OOtage®be to SE-41296 Geteborg,Sweden
evoled tag-differenclerancesT hereis disageementhowever
aboutthe conditionsunderwhichtag-mediatedltruismwill in fact
evole Herewevary two criticalparameters a ssandardmnodelof
tag-mediateditruismN geneticstabilityandterritorial structureN
andshowthat altruismevoles in awiderang of conditions\We
demonstratéhe evolutionof significanievds of altruismevenwhen
theimmediateoststo donorsequalthe benefitgo recipientswWe Keywords

describéhe mechanisnthat pemits the emergnceof altruismin ~ Altruism,tags computationahodels
the modelasa form of kin selectionhatis facilitatechy interactions geneticstabilityterritorial structure
betweeraltruism,geneticdrift, andfecundity fecundity

1 Tag-Mediated Altruis m

Evolutionay theoristshawe long beenintereste in the condtions underwhich altruism canbe
produ@d by evoltion. Prior work hasexplaied the evolutionof dtruisticbehaviottoward kin [6,
7], reciprocatingpatners[1, 20],andpaitnerswith good reputationg14], as wellas non-regrocal
altuismin Menddian popuationsdriven by populaion structue [22]. Recent} attemjps have been
madeto explairdtruismthatis base solelyon patnersimilarityas assessaelatie to arbitray tags
[9] that cansere asmodelsof either geneticor cultud markerd16D18]. Theseattemps, if suc-
cesful, would provide extrenely generalexplantons as they makefew assmptionsregarding
geneticstructure or theknowledgandabilities of theevolvingagents In paticular they wouldhelp
to explainhow altruismcanevole amongagentsthat have no explicitknowledg of kinship past
behavigror reputation.The modelswould dso be applicale to organismghat arefar too smple
to en@ge in activitieghat underliesame other modds of the evolutionof dtruism,suchasmate
sekction[11] andexplicitrepresgon of conpetition[4].

Thete is disayeenent, however aboutthe condtions underwhichtag-meditedaltruism will
in factevole. Robets and Sheratt [18] arguethat altruismis actuallyOObuittd® the modelof
Rioloet d. [16],andthataltruismno longer evoles if an implicitbiasfavoringcooperationamong
agentswith identicatagssremoed.We show here however thattag-meditedaltruismdoesn fact
evole in a range of conditionsevenin the contextof Roberts and Sheratt®modfications In
paticular we showthatit evol’eswhenlower mutationratesareusedandwhenterritorialstructure
limits the interadbn radiusof eachagent. We dso show that this holdsevenwhentheimmediad
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costsandbenetis of altruisticactsareequident. We discissthis suiprisingresultandthe mecha-
nismsthat producseit in the final sectionof the atticle.

2 The Model and Prior Work

We be@n with a computaibnalmodelequidentto thoseusedin the prior work [16],in whicha
populationof 100 agentsis progessedhrougha numberof geneations(30,000n prior work,
400,00there) Eachagenthasatag s andatolerancel, both of whichare representé asfloatirg
point numbersand uniformly sampledrom [0, 1] in the initial generéion. All agentsbegineat
generdonwith ascoreof 0 andarethenpairedwith P=3 randomlyselectedthersfor potentalacts
of altruism.If thedifferencebetweenhetagsof thetwo agnsis lessthan or equato thepotental
donortolerancethen the dtruisticad (donaton) is peformed:a costc is deduatd from the
donor€scoreanda benefi b is addedo therecipiens@core The resultingscoesmaybe positie,
neg@tive,or zero For mostof our runsweusede=0.1,b=1.0,asin mostof the prior work, but we
alsostudedothervaluef candh After alldondion atemgs areconpletedthe populaion of the
next generatioris produce by pairirg eachagent g in a reproductie toumanent with anothe
randomlysekctedagent g and produdng, at the locationof a, a child from the parentwith the
higherscore(or from a in casef atie)* The childinheritsits tagandtolerammefrom the paent,but
eab mayeactbemutatedvith probablity m(= 0.1in theprior work, thoughwevary it here) When
atagis mutatedit is replacedwith a newtag randomlyseéctedfrom [0,1]; whena tolerarmce is
mutated, it is summedwith mear0, standardieviaion 0.01Gaussiamoise? This mutationscheme
likethedonadion, selectionandreproductionrschemedescribe@boy, is somewhtarbitrary, butit
is alsostandardn the literature.

The primaly measureof interesis the averag@ dondion rate whichrangdfrom 2.1%to 79.2%
in the datapresentedn the originalreport by Riolo et al. [16]. We dso measuredag diversityby
counting the number of unique tags in eah generaton and awragng this numbe over dl
generéionsin arun3

Riob & d. did not allav toleranceto mutatebelow0, soagentswith identicatagswould dways
donateto one another Robets and Sheratt [18] reported that the removal of this restriction
(implemated by changinghe lower boundfor T from 0 to ! 10 ©) preventshe emergnceof
altruism;they obseved donaion ratesof 1.48%,asopposé to Riolo et al® 73.6%. Riolo & 4.
repliedthatthe two modelshawe opposte, strong biasesegarding cooperdabn among agentswith
identicatagsandthatcooperatioconthuego evole in modelsnith intemmediatebiase$l7].Here
we investigitedonly the condtion that preventedhe evolutionof cooperationfor Robets and
Sheratt (T z ! 10 ©), but we variedothe parametes and found that cooperationdoes in fact
evolein arange of condtions

3 Variati on of Genetic Stability and Territori al Struct ure

The mutationrate usedin the prior work, 0.1,is exceptionallyhighcompard to natwallyoccuring
rates\We ran experinentswith additionamutationratesm (0.0010.01,and0.5)andfoundthat in
more stale geneticenvironmentgwith lower m) higherdonationratesoften evohe, for exanple,
usingRobets andSheratt®paranetersandvaryingthe mutaion rate, we obseveda dondion rate
of 37.6% for m=0.001.Tag diversitywaslower in this condtion thanin Robets and Sherait®
condition but it wasstill consideable,we sawan avera@ of 33.17uniquetagsin eachgeneration.
Our resuls ageedwdl with thoseof Robets andSherattfor m=0.1 (1.3®%% dondion, tagdiversity

1 The locationof the childis not specifiedn the prior literature;it becomeselevantonly under the modificationspresentedhere.
2 The lower boundfor the resuting tolerance is discussedbelow;there is no upper bound.

3 A varietyof other diversity measuresmight aso be informative,includingmeasuresf OQeffectisisersity(ifat are sensitve to the
tolerancelevelsfoundin a population.
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79.87, andwealsofoundlow donatiorrateswith m=0.5 (2.5%6) andm=0.01(3.934). Theseesults
are graphedn Figue 1, whichalsodisplayshe resuls of additionakxperimets discussd bebw

Natural populaibns al® have teritorial structurethat limits both the potenial recipientsof
altruisic actsandthe reprodudive compéitors;in somecasesucha sructue hasbeenshownto
affect the evoluton of dtruism. For exanple, Now& and May showed tha a regular two-
dimensionkgrid structurefacilitdes the evolutionof coopeationin a prisone® dilemma game
[13]. Evenwhenpopulaibnsarelarge andirregularlgructured pattens of interadon tendto form
Odallworld netvorksGiiat hawe beenshownto affectgame theoreic dynanics[21], andseveral
researcherbave chaacterizedelationsbetweerpopulaibn structure and evoltionay dynanics
more generdly [10,22]. An earlieranalyit modelof Eshel[3] predicéd,in ageementvith Wright
[24], thatlow mobiity in a populaion with territorial structure would producea OOneighteffectO
that promotesthe evolutionof dtruism. Otheas hawe subsequely studed the effectsof low
moblity (a.k.aOOvistp€§i@yhichcanalsosometimenhibt dtruismby intensifyingconpetition
anongneighbangadtruists[12,23].For examplerecentvork by Hauet andDoebdi demongtates
thatspatiaitructurecaninhibittheevolutiorof coogerationin the OOsnanit gameOf8]. Rioloet d.
desdbed possibleconnectionbetweerterritorial structue andthe evoltion of dtruismin their
modd, but without presating data [17]. More recenty Axelod e d. [2] denonstrated the
emergnceof tag-mediatkaltruismin populaibns structuredastwo-dimensionalattice

Here we have modeleda smpleform of territorial structureby consileringthe populaion as a
one-dmensbnalaraywrappedarownd aring Eachagent€interactionsarelimitedto otherswithin
radius R; for exanple, with R=5 eachagnt has10 potentialpatnersfor dtruisticactsand for
reprodudive compdition (5 on eachside). The mode of Robets andSheratt resultsfrom setting
R=50 (asdoesthe modelof Riolo &t d. [16], with the additonal settingof Tz 0). Note that this
schemewhile simple hasfeauresmoressimilar to thoseof naural popuationsthansomeof the
altenativesthathave beenexploredin theliteraure;for examplein contrat to the schemeaisedby
Hauet andDoebeli[8], agentsin our modelmayinteactwith agentsthatare not directlyadjacent,
andtheamountof overlapbetweenneighbdnoodsdecrease=latielysmoothy for pairsof agents
at successdly greaterdistancefrom oneanoter A more sandardcellular-automaton-likeodel,
in which agentscaninteractonly whenimmediatly adjacet, resuls from settingR=1.

We obsevedthatasR decreases, the amount of dtruism oftenincresses For example, in Roberts
ard Sharat® condition (asde from this changé we observed donation rates of 12.48% for R=10
(tagdiversity 58.74), 3L 74% for R=5 (tagdiversty 40.66), ard 55.80% for R=1 (tag diversity 41.81).
Notice thatthe condition R=1 produces bath mare dtruism ard more diversity thanR=5; as discussed
bdow; this demondratesthat the observed dtruism is not a smple product of homogerety.

Mutation rate

Figurel Donationrate asafunctionof mutationrate andinteractionradiuswith a cost/banefitratio c/b=0.1 (asin prior
work). The configuratio descrited by Roberts and Sherratt[18] is marked with the circle and OOR&HHEOG 92
independentuns were conduded for eachof 72 conditions A log scalewas usedfor the interactionradiusaxisto
highlightthe behaviorof the systemat smallradii.
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Territorial structurecanbe combnedwith lower mutaion rates, producig cumulatie effects
For exampleR=1 with m=0.01yieldsadonatiam rateof 84.11%,whilethechangéo R aloneyields
only55.80%andthe chang to maloneyieldsonly 3.93% By valyingboth R andmwe produ@ the
landscapef altruismshown in Figurel. Donationratesof up to 84.11%(with tagdiversity9.52)
were obtainedby combning changsin mutationrate with changsin teritorid structure.\We
concludethat whie the conditionsstudiedby Robets and Sheratt produ@ minimal altruism,
significangltruismevoles in many other reasoniale condtions

4 Variati on of Cost/B enefit Ratio

Altruismcanevole evenwhenthe cost/benefitratioof altruisticdondion is mud higherthanthe
vaue 0.1 consileredabore The vaue 0.1 was usedin prior work withaut substantigusification,
but it mightbe consileredto modé dam calls or the sharingof suplusfood, or othe dtruisic
actsthat benefitthe recipiengreatlyat little costto the actor Thesgustificaibbns notwthstanding,
onemightwonde abouttheextento whichtheobseved effectsdependon thelarge netgain to the
populationand aboutthe abilityof the mode to explain the evolutionof more costy forms of
altruism.

Riob et d. found thatdondion ratesfel to 24.7%whend b reache 0.5 (eventhough in their
model,Tz 0).In contrastyve obsevedadondion rateof 75.826 with ¢c/b=0.5,m=0.01, andR=1.
At higherratios c/b onewould expeciessaltruism,and Hamilon@rule (discusskfurther below)
mightleadoneto expectaltruismto approactzerowith c/b=1.0. Consistenwith this expectation
Riolo e d. report that when c/b reached.6 the dondion rate dropsto 2.2% Suprisingly
however we find thatdonationratesawerage 12.136 evenwith ¢/b = 1.0 (with m=0.01andR=1).
This effectis remakablyconsitent; dthough the ratefluduatesover the course of arun, in our
92 runsin the condtion m=0.01,R=1, c/b = 1.0 we found averag dondion ratesrangingonly
from 11.196 to 13.01%This rang is an orderof magnitde higherthanratesfoundin many of
our otherconditionsandmud higherthancontrd runsin whid large pendieswereasgjnedto
all dtruists(produéng ratesof lessthan0.6%). This meanghat nontiivial levelsof dtruismcan
ariseevenwhendondion produce no net gain to the populationa stuaion analgous to the
sharingof scace food in a naturalecosysta. The lewves of donationfound in our smulations
with ¢/b = 1.0 are graphedin Figure2. The effectis the strongestfor R=1, a condtion that
resemblethe cdlularaubmatauponwhichmanyotherspatiainodelshave beenbasedbut there
arealsoeffectsa other valuesof R. We disaissthe mechanismesponsibléor this effectin the
followingsetion.
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Figure2. Donationrate asa functionof mutationrate andinteractionradius,with a cost/benefitratio c/b=1.0.Here 92
indepenént runs were conduded for eachof 72 conditions.
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5 Discussion

The smulationresultshave severalmplicaions:they provideevidene suppoting the viabilityof
tag-meiatedmodelsof dtruismin generg theydemongtate the effectsof geneticstabilityand
teritorial structure on thesemodels and theydemonstratehat altruism canariseevenwhenthe
immediateostto thedonoris equidentto theimmediat benefi to therecipieh We addresshese
implicationdn this order

The datashowthat altenative but reasonablmutationratesand a smple form of territorial
structure both facilitatethe evoltion of dtruismin a standard tag-medited model, potenially
explainingprior non-atruisic outcoms as resultingfrom paticularassumfions aboutthe® pa-
rametersConsistet with disaissionf thesefactas in the literatug, our diversitydatasugests
that altruismin the modeldepend to some extenton homognéty amonginteractingagents It
should be noted,howeve, thatwe obseved signficantlevelsof diversityin all condtionsandthat
we obseved no casesn whichdiversity colapsecconpletelyln all of our condtionsthe averag
numberof uniquetagsin a geneationwasatleas#4, andin manyof our condtionswith highleds
of altruismthe averag@ wasover 40;the diversityaveragd over all of therunsgraphedn Figuresl
and 2 was67.09 Consideng that the populaibn size is just 100, theseare remakably diverse
popuations Theobsvedaltruismisthereforanot asimpleconsequeareof complet homogeneity

Neitheris the obseved dtruisma smple consequere of mutationratesthat are so low asto
prevent any occurerce of negtive-tolerace defetors We obsered sulstantialdtruism with
m=0.01,whichprodu@saboutone mutationevey generationanda mutationto the agentat any
paticularlocaton aboutonceevey 100 genertions Theinitialpopulaionis likelyto includeatleast
oneagentwithtolerawearound).01 andthereisastrong initial seéctive advatageto lowtolerare.
Sincein additon, tolelancemutation is perfomedby summéon with Gaussianoiseof mear0 and
standarddeviaibn 0.01, onewould expecto produceat leastoneindividualwith zeroor negtive
tolelancewithinthefirstfewgenerationsSnceweranour simulationgor 400,00 generationghere
wasampletime for low or neg@tive toleraresto arisehroughmutationsandto spreadthroughthe
popuation.Onewould expecthe averag toleranceo conwerge to valuesiearzeroquicklyandfor
mostof thetolerancevaluego cluger aroundzeroeven whenour low mutationratesarein effect.
Thisisindeel whatweobseve;the avera@ toleranceaveraged over all of our conditionswasjust
0.014 Mutationsto zeroor nedtive tolerace were thereforequite common

It is alsoimpotantto notethattherelatielyhighincidene of dtruisic behavioiin thesesimu
latiors cannotbe attribued to random variationdone. Mutaion doesconstatly introducesmall
numberf newalruist aneffect thatincreaseaith highermutationratesFigures1 and2 show,
howeverthathighemutationrateoftenleadto love levelof dtruismin themodeldiscussebere.
In thesecasesnutationis disrupting heredityandtherebydampeing the effectsof seéction.Ad-
ditiord tests with the extrememutationrateof m=1.0in the conditionc=b=1 producedanawerage
dondion rateof 4.88,whichis lessthanhalf of that produ@d with m=0.01

The dtruismpromoting effectsof lower mutationratesandterritorial structue canbe seeras
aiisingfrom a dynanic sinilar to EsheKOneighlediectO3]. Altruisic agens arealwgsvulner-
ablebuttheyarelesdikelyto meet defetorsin environmentsith low mutationratesand/or small
intelactionradii. Althoudh thereis no directrecprocationno explicitknowledg of kinship, andno
knowledg of pastbehavioror reputationin anyof the modelsunderconsideationhere altmistic
agentsin sufficienlty stableenvironmentsiill generail find themselves the vicinity of otheral-
truisic agents manyof whichwill in factbekin. Tag-nediatedltruismin suchmodds cantherefore
be sea as a form of probabilistkin recognitiom whichagens with similartagsare not explicitly
recognizedaskin but hawe a high probalility of being kin nevertidess

The fact tha we observe sgnificant dtruism evenwhen =b=1 is suprisng and migh even be
thougt to violate Hamiltor®rule, which states that dtruism can evolve only in environments in which
the cogt to the dtruigtic donor is less than the product of a rdatedness coeffident times the bendit to
the recipient; that is c< rip wherer V 1 [6, 7]. Whether or nat the results reported hae conditute a
violaion depends on the interpretaion of card b (which are varioudy condrued as immedate cosis
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and bendfits to individuds as changes to expected numbers of offspring, and as contributions to
@ dusive fitness)@nd akoon the interpretaion of r (ebout which theeis ako debae see [15]). The
literature on the proper interpretaion of Hamilton® rule is rich (se, for example, [5]), and the
sonificance of the results repatedheaein the context of thisliterature is aninteresting, openquestion.

We investigitedthe mechanismesponsibldor the evoltion of dtruismin the condtion =b=1
by obseving graphicdepictionsof simuatiors over evolutionay time, displying individualtags,
tolerancesndscoresisinggrayscalandcolorvaluesFrom these obsvationswve derived smple
illustration®f same of the processeby whichaltuismcanform andgrow even whenc/b=1. The
simplestllustationbeginswith a populaion with R=1 in whichall agentshae ne@tive toleramces;
thatis, in whichall agentsare initiall selfish(Figure3a)? Herethereis no selectiompressreon tag
vaues andit is possiblefor tagdrift to producehighlevelsof tag diversity(Figure3b), even if the
original tag valies were dl identicd. When tags are suficienty diverse,then tolerances can
themselvebeginto drift, as smdl positie tolerareswill hawe no effect (Figure3c). This two-
sta@ genetiadrift proces®xplaindiowthe first potentiallyaltruistic(positive tolemnceagntscan
suwive to produe offspring

Next considetwo adpcentagentswith positie tolerae,oneof whichdoesactudly produe a
netpositive dondion to the other(Figure3d);it maydo this for examplepbecausés toleracehas
mutatedto alarger valuethanits differently taggedneighbagyror becausthetwo agentsare clones of
the sane parentandtheirdondionsto oneanothe areasynmetricby chanceAfter thishapgens
thetruedtruistwill notreprodue but therecipientwhichis alsoapotental dtruist(it hasapostive
tolerancejslikelyto be unusuallfecundlt will win reproductietoumanentsagainsttheloserand
it will alsowin mosttoumamets againstothers sinceit hasreceied dondionstha raiseits score
above that of agentsin a selfishpopulaion. It is therdore likelyto produ@ two or moreadjaent
children which,unlesshe mutationrateis unusialy high, arelikelyto be clonesof one anothe
(Figure3e).Be@usethe® childrenhave idential tagsand non-nggative toleraiwes theywill also
donate to one another. If they donate symmetricaly, then they are neither advantaged nor
disadvantagl by the dondions but if theydonateasymmetcilly thenthe winnersareaginlikely
to beunusuallyecund Whenawinne is a theedg of the blockof altriists it will alsobelikelyto
wintoumanentsagainstdifferenty taggedneighbas, the score®f whichwill bethoseof agentsin a
selfishpopulationThis interactiormaycaus the blockof altruiss to grow as the agenss nearthe
endsare sacificedto allowtheagentsat theendsto extendhedtruisticcommunityFigure3f). As
aresult altruismsuppoting genesandactuakactsof dtruismmayincreasén the populaion until
equilibriumis reacheavith the trendtoward sefishnesprodued by defetions The factthatthis
equilibriumneednat be nearzerois a consequere of the way in whichgeneticdrift, geogaphy
altuism, and fecundity interactin the model.lronicaly, it is the dispaitiesthat afise anong the
altuisic agens becausef randomdonatiorasymmetesthatallov someof them to gain theupper
handon theirselfishneighbes, andtherdy to propajae altruisic behavioto awidercommunity

With reasonald changeto anothe criticalparamete reprodudive toumarnentgroup size this
mehansmcansupport evenmoreextemeformsof altruismin whichthe costactuallyexceedshe
benefitWhileour prelimhary experinentswith ¢/b> 1 produce no significam dtruism,we have
obsevedconsistety highlevelf dtruismwhen reprodudive toumanentsinvolve morethantwo
agents For exanple,with=1.1,b=1, R=5, andatoumarnentsizeof 4 (meaninghattheagentand3
othersin theneghborhoof 10 agentspaticipde in eachtoumament, we obseive dondion rates
consistemy over 30%. The appopriateseting for the toumamen sze pammetelis not obvious
andit seemgeasonale to assumehat the approprige settingwill valy for differentecological
circumstares For somesettingsof this parametethe mechanisndescibed in this aticle can
explainthe evoltion of costlyforms of altruism.

In relatedvork wehawe denonstratedhe emegenceof significantevelof dtruismwith c=b=1
in more compgex modelsinvolving conthuous3D dynanics and agents contrdled by evolwed

4 In our actualsimulationsthe tagsandtolerancesin the initial populationare randomlyassignedasdiscussedbove We discissa
purely selfishpopulationhere only for the sakeof illustration; this presentsthe most challengingasefor the emergenceof altruism
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Figure3. lllustrationof the spreadof altruismin a conditionwith c/b=1.0. Tagsare displayedhsgrayscalealues,T B

indicatesnegativaolerance and T+ indicategositivetolerane. (a) To presentthe mostchalleging casewe beginwith

auniform populationof defectors.(b) Becausaill tolerance are negatie, there will be no donationsandtagswill drift.

(c) In neighborlwods with hightag diversity,smallpositivetolerance will haveno effectandtolerances will drift. (d)

When a positive-tobranceagent(shownwith the heavyoutline) receivemet positivedonationseither from a neighbor
with highertoleranceor from aclonewith whichinteractionswere asymmetridy chancethe agenwill belikelyto sire

adjacentclonesin the subsequengeneratio. (e) If the adjacentpositive-bleranceclonesdonateto one another
symmetricallythen they will be neither advantagedor disadvantagebly their potential altruism,but if they donate
asymmetricd} (whichis likely),then someof themwill failto reproduce but others mayagairbe unusuallyecund.(f)

Thisprocesscanrepeat,causinghe blockof altruiststo grow asagentsat the endsusedonationsfrom agentswithin the

blockto outcompete other neighborsEventually defectorwill arise(througha mutationto negativeolerance, andthe

block of altruistswill degradefrom within.

comrputerprogams[19]. Thesemodds aredifficultto andyze andwecannotye be cetainthatthe
effecs descibedin this atticle areresmnsiblefor the resuls Nonettdess the evolutionof tag-
maliatedaltruismin conplex models evenwith cb=1, sugiess that tag-meiatedaltruism can
evole in avarietyof interestig circumstances
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